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The laser field depletion in laser-electron beam collision is generally small. However, a properly
chosen parameter of the laser and electron, the laser field depletion can be optimized. To access
the laser energy evolution, simulations of laser-electron beam collision by Particle-in-Cell (PIC)
simulation is performed. In this paper, the laser and electron parameters are chosen such that
the ponderomotive force is compensated by the radiation reaction force in the head-on collision
configuration. Then, the relativistic electron beam can quiver in the laser pulse for a longer time
to increase the energies conversion. The optimum of laser field energy depletion is observed at
γ0 = a0 ∼ 400 and limited beyond this point due to the impenetrability threshold. The total energy
conversion from laser and electron beam into radiation emission is optimum at γ0 = a0 ∼ 250. This
conversion efficiency can be up to several percent for an electron bunch with charges of a few nC.
This efficient gamma-ray sources may provide some useful application in photonuclear experiments.
The experiment of laser-matter interaction at laser in-
tensities of 1022 W/cm2 has been achieved following the
rapid progress in laser technology [1]. Lasers with un-
precedented intensities at 1023 W/cm2 are achievable in
the coming years at 10-PW laser facilities under project
[2]. In line with the advancement in Laser Wakefield
Acceleration (LWFA) [3–7] and the availability of lin-
ear accelerator (LINAC) at these facilities [8], studies of
the interaction of ultraintense laser pulse with a counter-
propagating relativistic electron beam under extreme
conditions are feasible. Under such conditions, the ef-
fects of radiation reaction (RR) become important and
the production of intense gamma-ray can be obtained
[9–12].
The conditions for of laser-electron beam collision
can be characterized by three dimensionless parameters.
The first parameter is the normalized laser amplitude
a0 = |e||E|/(mcω0), where |E| and ω0 are the ampli-
tude and angular frequency of the laser field, respec-
tively while m and −e are the electron rest mass and
charge, respectively. The speed of light is c. An elec-
tron becomes relativistic from rest in one laser cycle
when a0 >> 1. The second parameter is the normal-
ized electron energy γ = E/mc2, where E is the total
energy of an electron. An electron is relativistic when
γ >> 1. The third is the gauge invariant parame-
ter χe = ~
√−fL · fL/(m2c3), where ~ is the reduced
Planck’s constant and fµL = γ(fLe · u/c, fLe), fLe is the
Lorentz force. This parameter measures the ratio of the
field strength acted on the electron to the Schwinger field
ES = m
2c3/(e~). When χe ∼ 1, electron recoil becomes
substantial and radiation emission have to be modified.
A non-negligible amount of the laser energy is absorbed
in the laser-electron collision at a0, γ >> 1 [12–14]. The
depletion of the laser field is found to be significant at
a0 ∼ 103 for electron bunch with charges of 10 nC [14].
Although, with the availability of such ultraintense laser
and highly charged bunches, the laser-electron collision
suffers from the ponderomotive repulsion even if the elec-
tron is initially relativistic. This effect is even robust for
an ultraintense laser focused to wavelength-scale waist
radius and lead to the suppression of the RR. In this sit-
uation, only a small fraction of energies absorbed by elec-
trons are being converted into radiation and thus signal-
ing the effort to produce efficient and collimated gamma-
ray source [13].
In this paper, we reports the characterization of the
laser and electron parameters such that the ponderomo-
tive force is balanced by the RR force in laser-electron
collision. Unlike the case in laser-plasma interaction,
electrons are initially relativistic. Electrons are either re-
flected by the laser pulse if γ << a0 or passing through
if γ >> a0 [15, 16], and leading to a shorter interaction
time in the high-intensity region. When the designate
characterizations are met, we observed that the electrons
spend extra laser cycles quivering in the laser pulse as
compared to the case without RR. The optimum of laser
field depletion and conversion efficiency are observed via
PIC simulations. At the optimum point, the effects of RR
enhance the laser energy depletion by a few times which
is subsequently converted into gamma-ray emission. We
then propose a self-synchronized and all-optical setup to
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2generate multiple gamma-ray sources by invoking the RR
in a single laser pulse. This provides an impact to the
photonuclear experiments which required a bright and
collimated gamma-ray source with energies in the range
between 10 - 30 MeV [17–19].
To circumvent the ponderomotive repulsion and in-
crease the laser-electron interaction time, a few ap-
proaches were proposed. This involves the utilization of
other forces to compensate the ponderomotive force. For
the case of plasma, this proceeds through the so-called
Radiation Reaction Trapping (RRT) [20]. At a certain
intensity threshold, the RR force is strong enough to bal-
ance the ponderomotive force. The deviation of the elec-
tron motion in the transverse direction reduces and then
trapped in the laser pulse. The intensity threshold for
RRT is athr ∼ (w0/re)1/3, where re = e2/mc2 is the
classical electron radius and w0 is the laser waist radius.
When the laser is focused to the order of laser wavelength,
the threshold is athr ∼ 700. In this regime, the electron
spends a longer time oscillating inside the laser pulse and
the laser energy conversion for radiation emission as well
as electron-positron pair production is promising [21, 22].
Another approach is to utilize the induced space-charged
field by the laser pulse. At a particular plasma density,
the space-charged field becomes large enough to balance
the radiation pressure of the laser and hold the electrons
in the laser pulse. This approach reduces the thresh-
old power needed for quantum electrodynamic (QED)
avalanche [23].
Unlike the RRT in the laser-plasma interaction, elec-
tron bunch is initially relativistic. Taking into account
the effects of RR, the oscillating amplitude of a relativis-
tic electron in the laser pulse becomes large due to the de-
crease of electron effective mass (y ∝ 1/(γm)) [12], which
is in contrary to the aforementioned case. Moreover, with
the absence of ions, the space-charged field cannot be in-
duced. The electron bunch is either being repelled away
by the ponderomotive force or passing through the laser
pulse, leading to a short interaction time in the high-
intensity region.
To characterized the conditions of force balance in
laser-electron bunch collision, we derived the ratio of the
magnitude of RR force to the ponderomotive force. The
force balance is met if
fRR
fP
∼ 2
3
piα
~ω0
mc2
w0
λ
γ3 ∼ 1, (1)
where α = 1/137 is the fine structure constant, fRR ∼
4piα~ω0γ2a20/(3λ) and fP ∼ −mc2∇a2/(2γ) are the mag-
nitude of the RR force and ponderomotive force, respec-
tively [13]. Here, γ =
√
1+ < a2 >, where a = eA/(mc2)
and A is the vector potential of the external field [25]. If
the a Gaussian spatial profile is assumed for a, then the
electron should have at least γ ∼ a0 ∼ 250 to overcome
the ponderomotive force from a laser pulse with w0 = 2λ
and λ = 1 µm.
Next, to optimize the energy transfer we analyzed the
work done by laser in the context of classical electrody-
namics. The work done per unit time per unit volume
is expressed as J · E = −eneu · E where ne is the elec-
tron density and u is its velocity [24]. Now, the laser is
assumed to propagate in +x direction and polarized in
y direction. By taking the momentum that couples to
the laser polarization direction, the unit work done can
be written as J · E ∼ −ene|p⊥||E⊥|/(γm) where |p⊥|
is the momentum of the electron perpendicular to the
laser propagation, i.e. parallel to the strongest electric
field component. For an electron quivering in the elec-
tromagnetic field, its momentum can be approximated
as |p⊥| ∼ a0mc [25] provided the intensity variation is
small over a wavelength. The unit work done is now
J ·E ∝ −ne a
2
0
γ
mc2ω0. (2)
For γ >> a0 and a0 ∼ 1, it is certain that the energy
conversion from the laser field to the electron is negli-
gible. For a0 >> γ, laser energy is absorbed and only
a small fraction being converted into radiation emission.
However, under the condition γ ∼ a0, integrate the unit
work over the volume and average over a laser frequency,
the work done per particle per cycle is WEM ∝ a0mc2.
Then, the energy equation for a radiating electron can
be written as
mc2(γ − γ0) = WEM −Wrad (3)
where γ0 is the initial electron beam energy and Wrad is
the radiation energy. By letting γ ∼ a0 = γ0, the left
hand side of Eq. (3) goes to zero and the work done by
laser is almost converted into radiation energy. The en-
ergy conversion may be increased if the electrons trapped
for a longer time in the laser pulse.
To validate the electron beam trapping and the laser
field depletion, we performed a series of 3-dimensional
PIC simulations of an electron beam interact with a
counter-propagating laser pulse at γ0 = a0. In these PIC
simulations, we applied the Sokolov’s model with QED
modification [26–28]. The size of the simulation box was
x × y × z = 30λ × 10λ × 10λ with 1200 × 200 × 200
cells. We used 1.25× 105 macroparticles to represent an
electron bunch containing 109 electrons with the charge
of ∼100 pC. We assumed an ideal electron beam with
a Gaussian profile in phase space. The longitudinal and
transverse electron beam sizes were 1 µm, respectively. A
5 % of momentum spread was used. A pulsed Gaussian
laser beam beyond paraxial approximation up to 5th or-
der correction was considered. The temporal profile was
g(η) = 1/ cosh(η/η0) [29], where η = ω0t−kx, η0 = ω0tL,
and tL is the laser pulse duration. In this work, the laser
is polarized in y direction and propagates along the +x
axis. The laser waist radius is w0 =2 µm with λ = 1 µm,
and a pulse duration of 10 fs.
In the absence of RR and γ0 = a0 >> 1, the mo-
mentum components parallel and transverse to the laser
beam axis are px ∼ |p⊥| ∼ a0mc. The direction of the
3resultant momentum vectors are 45◦ with respect to the
center of mass of the electron bunch in both y directions
and eventually split apart. When the effects of RR is
included, the RR force could balance the ponderomotive
force to a certain extent and traps the electrons in the
laser pulse. A comparison of the electron bunch density
distribution between the case with and without RR is
shown in Fig. 1 (a) & (b), where ρ′e = 4pi
2ρe/encr is the
normalized electron density and ncr is the critical density.
As shown in Fig. 1 (a) at t = 8.0T0, a dense periodic
electron structure starts to form at the center of the laser
pulse with the period of the laser wavelength. The dense
electron structure continues and moving along with the
laser pulse until t = 9.3T0. Because of the small energy
spread (5 % was assumed), some electrons at the edge
of the bunch continue moving through the laser pulse.
They form a boundary at the edge of the laser pulse in-
stead of being expelled by the ponderomotive force. The
electrons at the boundary of the laser field satisfied the
penetrability condition, γ0 > a0. This boundary contin-
ues until t = 10.6T0 while a small part of the electrons
still remain in the laser pulse.
When the RR force is turned off, the dense electron
structure does not form, however, an inconspicuous pe-
riodic structure was observed at t = 8.0T0 as shown in
Fig. 1 (b). Then, the electron beam starts to be broken
into two at an angle around 45◦ at t = 9.3T0 due to the
absence of RR force to compensate the ponderomotive
force. The electron beam then leaves the laser pulse after
t = 10.6T0. The distinction of electron density between
the case with and without RR only becomes obvious at
t = 8.0T0 even if the pre-pulse of the laser start to inter-
act with the electron beam before t = 6.7T0.
Figure 1 (c) shows the energy evolution of a sampled
electron in the bunch. For the case without RR, there
is no net change in the electron energy while a decrease
in electron energy was observed for the case of RR. The
phases correspond to energies absorption and emission
from the laser to gamma-rays. A time difference of 5T0
is observed between both cases. In other words, the sam-
pled electron including the effects of RR spends an extra
5-cycle (∼ 17 fs) in the laser pulse as compared to the
case without RR which is about three times longer than
the laser pulse duration. This will results in the increases
of gamma-ray conversion efficiency as we will see later.
To assess the radiation angular distribution of an elec-
tron beam, we count and accumulate photons (χ ≥
0.001) at their emission points throughout the simula-
tion. For a relativistic electron that moves in strong laser
field, its radiation is emitted in the direction of electron
momentum. When the RR force is absence, the electron
bunch splits and moves in two directions. Therefore, one
can observe the radiation emission is confined in a larger
opening angle (θy ∼ 300 mrad ∼ 17◦) as shown in Fig.
1 (e). Here, θx,y is the opening angle for the radiation
emission in x, y direction, respectively. As the direction
of RR force is mostly in the direction of the Poynting
vector [30], it confines the electrons bunch from splitting
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FIG. 1. The normalized electron density distribution ρ′e =
4pi2ρe/encr of an electron beam with γ0 = a0 = 300 for the
case (a) with RR, and (b) without RR at t = 1.3T0, t =
6.7T0, t = 8.0T0, t = 9.3T0, and t = 10.6T0 (T0 = 3.3 fs
is the time for one laser cycle). The arrows represent the
direction of the propagation of the laser and electron beam.
The crosses represent the center of the laser pulse. (c) The
energy evolution of a sampled electron in the beam. (d) &
(e) The photon angular distributions with and without RR,
respectively.
apart. As a result, the radiation is emitted in the for-
ward direction within a smaller opening angle (θy ∼ 200
mrad ∼ 11◦) as shown in Fig. 1 (d). Since the radia-
tion are dominantly emitted in plane of laser polariza-
tion, so the opening angle in z direction is θz ∼ 12 mrad
(∼ 0.7◦) for both cases. The emission of gamma-ray is
collimated within a narrow opening angle as compared
to radiation generation by using plasma or solid target
(∼ 30◦) [20, 21, 31].
We carry on with the analysis on the energy con-
version efficiencies of the electron ∆Ee/Elas+e, laser
∆Elas/Elas+e, and radiation ∆Erad/Elas+e as shown
in Fig. 2, where Elas+e is the sum of laser and elec-
tron bunch energy. Since Elas+e is the initial value
and constant, the lost of laser and electron beam ener-
gies go to the gamma-radiation. This means the that
∆Ee + ∆Elas = ∆Erad. We note that the values of
Elas+e are different for each γ0 = a0. The laser energy
depletion becomes large for increasing γ0 = a0 but the
conversion efficiencies might not be the case. For exam-
ple, the laser energy depletion at γ0 = a0 = 400 is 10
mJ while γ0 = a0 = 600 is 19 mJ. However, the con-
version efficiencies increase and reach an optimum point
at γ0 = a0 = 400. Beyond this point, it starts to de-
crease which is in contrary to Eq. 2. This can be ex-
plained by the impenetrability of the electron into the
4laser pulse induced by the RR [32]. Upon surpassing
the impenetrability threshold, the electron bunch is not
able to access the core of the laser pulse regardless of
their initial kinetic energy. The laser energy depletion
increases in small amount across a wide laser intensity
range and resulting in the reduction of conversion effi-
ciencies. The intensity threshold for the impenetrability
is a0 & a0∗(4µ)1/3 where a0∗ = (3mc2/2e2ω0)1/3 ' 470,
and µ = λ/(piw0) is the diffraction angle of Gaussian
laser beam. In this work, the impenetrability threshold
is a0 & 400 which is in agreement with the simulation
result. This implies that the impenetrability threshold
sets an upper limit to the laser field depletion efficiency.
The laser field depletion efficiency becomes insignificant
at very small and very high value of a0. At the maxi-
mum point, we performed the same simulation without
RR. We found that the RR enhanced the laser energy
depletion by a factor of 6 as shown in Fig. 2 by the star.
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FIG. 2. The energy conversion efficiency of the electron,
∆Ee/Elas+e, laser, ∆Elas/Elas+e, and radiation energy,
∆Erad/Elas+e for γ0 = a0 = 200, 250, 300, 400, 500, and 600.
The star correspond to ∆Elas/Elas+e for the case of no RR.
Apart from the laser field depletion, we also note
the optimum of total radiation energy at 200 ≤ a0 ≤
300. Since energy loss from electrons and laser are
both converted into radiation emission, we can regard
∆Erad/Elas+e as the energy conversion efficiency of the
laser and electron into gamma-rays. This conversion
efficiency scales with the power law of a
−7/9
0 between
a0 = 300 and 600.
There are two considerations in selecting an optimum
conversion efficiency−a large electron energy loss and a
large laser field depletion. However, one cannot have
both conditions at the same time. It is evident that
the laser energy depletion is maximum at a0 = 400 but
not for the electron energy loss. For a0 = 200, the
electron energy loss is larger but the laser depletion is
now small. Therefore, an ideal choice would be between
a0 = 250 & 300.
The ratio of the RR force to the ponderomotive force
for 200 ≤ a0 ≤ 400 are listed in Table. I with the corre-
TABLE I. The ratio fRR
fP
at 200 ≤ a0 ≤ 400 and the corre-
sponding radiation energy conversion efficiencies.
fRR
fP
γ0 = a0
∆ERad
Elas+e
× 10−3[%]
0.478 200 10.5
0.934 250 11.2
1.615 300 10.5
3.827 400 0.92
sponding radiation energy conversion efficiencies. Indeed,
the maximum of the conversion efficiency happens to be
at fRR/fP ∼ 1 as the requirement of the compensation
of the ponderomotive force by RR force.
The number of electron in plasma is obviously more
than the electron bunch with charges of a few pC. There-
fore one can obtain a larger conversion efficiency in
plasma. In this work, the electron bunch charge is of
the order of 100 pC and the energy conversion efficiency
is small as evident in Fig. 2 and Table. I. On average,
an electron in the bunch emits an energy of 1.2 × 10−11
J. Recently, the production of an electron bunch with
the charges of 100 nC at MeV-level energy is reported
[33]. They were produced by the interaction of TW-scale
laser with a solid target at an oblique angle. If a second
laser pulse is used for the head-on collision with such
an electron bunch, the total emitted energy would be
12 J (Elas+e = 110 J at γ0 = a0 = 250). If we assume
the laser-electron collision scale linearly with the electron
number we can extrapolate to the case of 100 nC bunch
and the conversion efficiency of 11% may be expected.
In the realistic situation, it is difficult to ensure a per-
fect synchronization of a tightly focused laser pulse with
an electron bunch. To avoid this problem, an all-optical
scheme was proposed. In this scheme, a driver laser pulse
in LWFA is reflected by the plasma mirror and make a
head-on collision with the accelerated electron bunch [34].
The x-rays and gamma-rays generation has been achieved
experimentally by using this scheme with the accelerated
electron bunch with charges of a few pC [34–36]. How-
ever, proper choices of laser and plasma parameters could
yield the electron bunch with charges of a few nC [37].
Moreover, a plasma mirror may undergo surface modu-
lation under the PW-class laser pulse. Then, the plasma
mirror does not only reflect the driver laser pulse but
also tightly focus to the spot size of a few laser wave-
length with the increases in intensity up to ten times of
the original driver pulse [38]. Thus, we anticipate that
a laser pulse with intensities ∼ 1021 W/cm2 would pro-
duce MeV-level electron bunch with charges of a few nC.
Then, the back-reflected pulse would achieve an inten-
sity boost up to ∼ 1022 W/cm2. At this time, the ef-
fects of RR would affect the laser-electron collision and
a large amount of electron energy is being converted into
gamma-rays. After the interaction, the electron bunch
passes through the plasma mirror. If the plasma mirror is
made up of high-Z material, the electron bunch will gen-
5erate a second gamma-ray via Bremsstrahlung. Hence, a
larger portion of the laser energy can be converted into
gamma-rays.
In summary, we have characterized the optimum con-
ditions for laser field depletion such that the pondero-
motive forces are balanced by the RR forces in trans-
verse and longitudinal direction. As a result, the elec-
trons spend a longer time quivering in the laser pulse as
compared to the case without RR. We then observed that
the laser field depletion was maximum at γ0 = a0 = 400.
Beyond this point, the field depletion was limited due
to the impenetrability threshold induced by the RR. By
combining the field depletion together with the electron
beam energy lost, the optimum gamma-ray conversion
efficiencies were found to be at a0 = γ0 ∈ [250, 300] with
fRR/fP ∼ 1. In this regime, the ponderomotive force
was compensated by the RR force and resulting in the
trapping of electrons in laser pulse. It is expected that
an electron bunch with charges of 100 nC would convert
up to 11 % of the combined laser and electron energy
into radiation emission. The prospect of the generation
of multiple gamma sources by using a single laser pulse
was presented. In future work, we plan to study the gen-
eration of gamma-rays by using this setup. The efficient
gamma source is of great interest for photonuclear isotope
transmutation, nondestructive high-sensitivity detection
of nuclear isotopes as well as the experiment of Produc-
tion and Photoexcitation (PPEx) of isomers at Extreme
Light Infrastructure (ELI-NP) [17–19].
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